Introduction
============

The water--gas shift reaction (WGSR) is among the most relevant reactions for the industrial production of synthesis gas and H~2~. Moreover, the WGSR is used for balancing synthesis gas during ammonia, Fischer--Tropsch, or methanol synthesis.[@b1] In the WGSR, CO reacts with H~2~O to yield one equivalent of H~2~ and one equivalent of CO~2~ in a mildly exothermic transformation \[Eq. [(1)](#m1){ref-type="disp-formula"}\].

The industrial WGS process is typically divided into a high-temperature and a low-temperature reaction step to obtain both high rates (triggered by the high temperature in the first reactor) and high CO conversion (enabled by the low temperature in the second reactor). The high-temperature shift reaction is usually performed over a Fe~2~O~3~/Cr~2~O~3~ catalyst at temperatures between 300 and 500 °C. Subsequently, the low-temperature shift reaction proceeds over Cu/ZnO/Al~2~O~3~ catalysts in the temperature range of 200--250 °C, which leads to a reduction in CO content to the amount remaining in exhaust gas (≈0.3 %).

The WGSR has recently attracted additional attention in the context of H~2~-based energy systems and onboard fuel reforming. If H~2~ is used in a proton exchange membrane fuel cell, the CO concentration in the feed gas has to be reduced to 10 ppm. Otherwise, a degradation of the Pt-based fuel cell catalyst is inevitable. One option to reduce CO contamination in a H~2~ feed from syngas is to apply gas purification steps such as adsorption or preferential oxidation of CO. Alternatively, the low-temperature shift step can be operated at temperatures as low as possible to further increase the thermodynamic driving force for high CO conversions.[@b2] Moreover, the WGSR for mobile applications requires dynamic operation in frequent on--off cycles in miniaturized equipment with high space--time yields. This necessitates the development of improved catalyst systems for the WGSR.[@b3]

The state-of-the-art industrial Cu/ZnO/Al~2~O~3~ catalyst system exhibits several drawbacks, such as pyrophoric nature, deactivation during standby, and the need for extensive preformation procedures, before the operation.[@b4] Several noble metal catalysts on oxidic supports have been reported to circumvent the named limitations of the conventional Cu-based WGSR catalysts. Two different classes of support materials have been used: a) reducible supports such as ceria and titania; b) nonreducible supports such as silica, magnesia, and alumina.[@b5], [@b6], [@b7] Pt has been found to be a suitable metal for the WGSR if nonphyrophoric and robust WGSR systems are needed for dynamic H~2~ production scenarios.[@b7], [@b8]

Herein, we present a new way to improve the performance of Pt-based WGSR catalysts through surface modification of the catalyst with molten alkali salts. The concept of this study is related to our recently published studies demonstrating catalyst optimization for methanol steam reforming.[@b9], [@b10] Because the WGSR is part of the methanol steam reforming reaction network,[@b11] we were interested in studying the effect of surface modification of the catalyst with molten alkali salts on the WGSR alone.

The general idea of modifying the surface of a heterogeneous catalyst through a thin film of molten salt is not new. In the literature, this procedure has been extensively investigated by us and other groups with use of low-melting salts, referred to as ionic liquids; the term "SCILL" (solid catalyst with ionic liquid layer) has been coined for this approach.[@b12] SCILL systems make use of specific physicochemical properties of the ionic liquid, and they rely on the chemical interaction of the salt with the catalytically active sites of the applied heterogeneous catalyst. Under the conditions of the continuous gas phase reaction, the film of the ionic liquid resides on the catalyst surface owing to the extremely low vapor pressure of these liquid salts.[@b13]

By the application of SCILL-systems, significant effects on selectivity have been observed, for example, in hydrogenation catalysis.[@b14] Comprehensive surface science studies have elucidated the molecular origin of the observed alterations by demonstrating that certain surface sites of catalytic nanoparticles are poisoned in a selective manner by the molten salt coating.[@b15]

From our previous research, we know that ionic liquids involving organic heterocyclic cations are not stable under WGSR conditions. The imidazolium ion, for example, undergoes ring hydrolysis at temperatures above 180 °C in the presence of water vapor.[@b16] Consequently, in our previous studies of salt-modified catalysts for methanol steam reforming, we selected inorganic molten salts for catalyst coating. We initially used a mixture of Li/K/Cs\[OAc\] (molar ratio=0.2/0.275/0.525).[@b17] On the basis of the initial results with mixed acetate salts, we extended our selection to alkali hydroxides and carbonates. During methanol steam reforming, it was demonstrated that regardless of the melting point of the H~2~O-free salt, a highly concentrated salt solution forms in the catalyst pores under the reaction conditions.[@b9], [@b10]

On the basis of these previous results, this study uses the concept of modifying Pt/alumina catalysts by a salt coating for the WGSR. The salt-modified Pt catalysts were synthesized by adding a defined amount of salt in the form of an aqueous solution to the heterogeneous catalyst. The solvent was removed during vacuum evacuation, and the sample was subjected to a final drying step (*T*=150 °C, *p*\<0.1 mbar, 4 h; 1 mbar=0.1 kPa). The resulting catalyst material was not calcined. The amount of applied salt(s) resulted in a certain mass load, and *w* was the mass of salt divided by the mass of the uncoated Pt/alumina catalyst. All WGSR experiments were performed in a continuously operated fixed-bed reactor (see the Supporting Information for details). The catalyst was brought into contact with a dilute stream of H~2~O and CO in an equimolar ratio (4.0 bar N~2~, 0.5 bar CO, 0.5 bar H~2~O; 1 bar=100 kPa); the residence time *τ* was adjusted to 0.75 s.

In the case of methanol steam reforming, we quickly found that although all alkali salt coatings showed activating effects, coating with alkali hydroxides was most effective.[@b9], [@b10] Therefore, the results reported herein are restricted to alkali hydroxide coatings; especially, KOH has extensively been probed as a catalyst modifier.

Results and Discussion
======================

The performance of the uncoated Pt/alumina catalyst for the WGSR is shown in Figure [1](#fig01){ref-type="fig"} (*T*=230 °C) and compared to a variation in KOH salt coating on the same catalyst (salt loading *w*~KOH~=3.8, 7.5, 17.2, 30.0 wt %).

![Comparison of Pt/alumina catalysts with varying KOH surface coatings (*w*~KOH~=0, 3.8, 7.5, 17.2, 30.0 wt %) during the continuous WGSR. Reaction conditions for all loadings: *T*=230 °C, *p*~total~=5 bar, inert gas N~2~, *p*~CO~=\${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.5 bar, *m*~catalyst~=401.4 mg, *n*~Pt~=1×10^−4^ mol, *τ*=0.5--0.85 s.](cctc0007-0766-f1){#fig01}

A comparison of turnover frequencies (TOFs) and CO conversions demonstrates that the KOH coating of the initial Pt catalyst with an optimum salt loading of 7.5 wt % results in a sixfold increase in activity (TOF~*w*=7.5 wt % KOH~=95 h^−1^ vs. TOF~*w*=0 wt % KOH~=17 h^−1^. A lower KOH loading of 3.8 wt % does not appear to be sufficient to fully activate the surface of the Pt/alumina catalyst. Modification with a salt loading of ≥17.2 wt % was again found to be unfavorable and resulted in a steep decline in activity (TOF~*w*=17.2 wt % KOH~=65 h^−1^ and TOF~*w*=30.0 wt % KOH~=30 h^−1^). These results are in good agreement with our findings for the methanol steam reforming reaction.[@b9], [@b10] For the latter reaction, we showed that higher KOH loadings resulted in diffusional limitations. Notably, the applied amounts of KOH result in a low pore filling degree based on the dry mass of KOH but in a much higher pore filling in the H~2~O-saturated state under WGSR conditions.

The apparent Arrhenius activation energy of the WGSR (based on a temperature variation between 200 and 230 °C in steps of 10 °C) is evidently affected by surface modification with KOH. For the uncoated reference catalyst, an apparent activation energy of 54 kJ mol^−1^ was found, whereas the KOH-modified catalysts resulted in activation energy values in the range of 63--67 kJ mol^−1^. In addition to a change in reaction mechanism and/or an altered adsorption behavior of reactants, the salt coating may cause a variation in concentrations/activities of reactants or products with temperature at the reactive site and such effects would also be included in our reported activation energy values.

In a next set of experiments, we were interested to know whether the observed activating effects were unique to the potassium salt or whether they could also be accomplished with other alkali hydroxide coatings. Consequently, we also tested LiOH-, NaOH-, and CsOH-modified catalysts; the molar amount of alkali hydroxide was kept constant at the optimum loading found for KOH (*w*~KOH~=7.5 wt %). Thus, salt coatings of 3.2 wt % LiOH, 5.4 wt % NaOH, and 20.0 wt % CsOH were applied, respectively. In addition, we screened catalysts with one higher (*w*~LiOH~=20.0 wt % *w*~NaOH~=20.0 wt %) and one lower (*w*~CsOH~=7.5 wt %) salt loading to quickly ascertain the effect of varying salt loadings on these other alkali hydroxides. All experiments were performed in the temperature range of 200--230 °C. These results are given in the Supporting Information.

All catalysts coated with an alkali hydroxide salt demonstrated improved catalytic performance than the unmodified reference catalyst. The maximum increase in WGSR activity was achieved with KOH (*w*~KOH~=7.5 wt %) and NaOH (*w*~NaOH~=20 wt %) coatings, with TOF=95 h^−1^ for the KOH-modified catalyst and TOF=86 h^−1^ for the NaOH-modified catalyst. In our former work using diffuse reflectance infrared Fourier transform spectroscopy to study methanol steam reforming, we found[@b9], [@b10] that during the impregnation with alkali hydroxides, the CO adsorption mechanism was shifted from the on-top position of CO at terraces and particle edges to CO in a bridged conformation at terraces.[@b10] These effects are described in the literature under the term "alkali doping" and have been verified through a series of surface science studies.[@b18], [@b19], [@b20] There are also literature reports on the enhanced catalytic activity of Pt-based WGSR catalysts on various supports (Al~2~O~3~, CeO~2~, and C) after the addition of Na or K species during a conventional catalyst preparation method involving impregnation, calcination, and activation of the respective catalyst.[@b8], [@b21], [@b22] Along these lines, Liu et al. recently reported that the addition of K~2~CO~3~ during the preparation of a Ru-based catalyst led to an increased reaction rate of the WGSR.[@b23]

In the case of hydroxide salt coatings, the salt's basicity and hygroscopicity adds to the known modification of the CO adsorption behavior. There has been a lively debate as to whether a formate/carbonate[@b22], [@b24], [@b25] or a carboxylate[@b5], [@b26], [@b27], [@b28] compound is the key intermediate in the WGSR network. The decomposition of such intermediates, the dissociative activation of H~2~O, and the surface diffusion of OH^−^ have all been identified as the rate-limiting steps during catalysis using Pt particles in the WGSR.[@b5], [@b24], [@b25], [@b26], [@b29] We assume that owing to the KOH coating on the catalyst, an extensive amount of OH^−^ is present on the catalyst surface. Consequently, all steps involving OH^−^ are strongly accelerated. In addition, the hygroscopic nature of alkali hydroxides, as verified by dynamic vapor sorption,[@b10] combined with the support basicity, facilitates dissociative adsorption of H~2~O on the alumina support and diffusion toward the interface between catalytically active Pt nanoparticles and alumina. The electronic modification of the active Pt sites by K^+^ and the alteration of the support by OH^−^ both contribute to the increase in WGSR activity. In a next set of experiments, we were interested to know whether the observed activation through alkali hydroxide salt coating is a permanent effect, that is, whether the effect remains constant over long catalyst operating times.

Stability experiment with the KOH-coated Pt/alumina catalyst in the WGSR
------------------------------------------------------------------------

To investigate the stability of the catalyst and the KOH salt coating, the Pt/alumina catalyst impregnated with KOH (*w*~KOH~=7.5 wt %) was operated for 240 h time on stream in a continuous WGSR under alternating process conditions (Figure [2](#fig02){ref-type="fig"}).

![Results of long-term continuous WGSR experiments with the Pt/alumina catalyst coated with KOH at *w*~KOH~=7.5 wt %. Reaction conditions: *T*=230--200 °C, *p*~total~=5 bar, inert gas N~2~, *T*=230 °C (if not indicated otherwise), *p*~CO~=\${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.5 bar (if not indicated otherwise), *m*~catalyst~=401.4 mg, *n*~Pt~=1×10^−4^ mol, *τ*=0.5--0.7 s, variation in *p*~CO~=0.3--1.5 bar and \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.25--1 bar.](cctc0007-0766-f2){#fig02}

After a 10 h induction phase, in which catalyst deactivation is observed, the system reaches stable operating conditions (TOF=95 h^−1^ at *t*=18 h). During temperature variation (*T*=200--230 °C, *t*=18--63 h), an apparent activation energy of 63 kJ mol^−1^ was determined (see Figure [2](#fig02){ref-type="fig"}). If the CO concentration is varied, the catalyst shows minor deactivation at high CO partial pressures (*p*~CO~\>1 bar). Upon reaching standard conditions again (*T*=230 °C, *p*~CO~=\${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.5 bar, *t*=160 h), the catalyst shows stable performance with TOF=84 h^−1^. After variation in \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$ (\${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.25--1 bar, *t*=169--240 h), the catalyst shows stable performance at TOF=84 h^−1^ up to the end of the experimental run (*t*=240 h). Thus, we demonstrated that the KOH salt coating leads to a stable catalyst performance over at least 10 days with no visible KOH leaching and no systematic decline in catalyst activity (apart from the region of high CO partial pressures in which coke formation is likely).[@b1]

Kinetic studies
---------------

In a next set of experiments, we studied the effect of surface modification with KOH on the kinetics of the WGSR catalyst under realistic process conditions, such as variation in CO and H~2~O partial pressures. These experiments were performed at *T*=230 °C and *p*~total~=5 bar with the same mass of the catalyst in every experimental run. After reaching steady state, *p*~CO~ was varied from 0.3 to 1.5 bar at a constant \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$ of 0.5 bar. Subsequently, \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$ was increased from 0.25 to 1 bar at a *p*~CO~ of 0.5 bar. The pressure balance was closed by using N~2~ as inert gas. It was ensured that the conversion of CO was always less than 25 % so that the experiments in the plug flow reactor were always under differential conditions (except for steps with *p*~CO~=0.3 bar and \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=1 bar for the catalyst with *w*~KOH~=7.5 wt %).

All experimental data were evaluated by using a power law model. The backward reaction (reverse WGSR) was neglected owing to the low conversion and the large distance from the equilibrium under the applied reaction conditions. Under these conditions (constant volume flow), the effective reaction rate *r*~eff~ correlates with TOF values as shown in Equation [(2)](#m2){ref-type="disp-formula"}.

The rate law was intentionally kept simple to study the effect of surface modification with KOH on WGSR kinetics. The dependence of TOF on *p*~CO~ for the uncoated Pt catalyst and the Pt catalysts coated with 7.5 and 17.2 wt % KOH is shown in Figure [3](#fig03){ref-type="fig"}. The corresponding results of the variation in \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$ for the same catalysts are presented in Figure [4](#fig04){ref-type="fig"}.

![Variation in partial pressure of CO for Pt/alumina catalysts with different KOH loadings (*w*~KOH~=0 wt %, *w*~KOH~=7.5 wt %, and *w*~KOH~=17.1 wt %) in the continuous WGSR. Reaction conditions: *T*=230 °C, *p*~total~=5 bar, inert gas N~2~, \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.5 bar, *m*~catalyst~=401.4 mg, *n*~Pt~=1×10^−4^ mol, *τ*=0.5--0.7 s, variation in *p*~CO~=0.3--1.5 bar.](cctc0007-0766-f3){#fig03}

![Variation in partial pressure of H~2~O for Pt/alumina catalysts with different KOH loadings (*w*~KOH~=0 wt %, *w*~KOH~=7.5 wt %, and *w*~KOH~=17.2 wt %) in the continuous WGSR. Reaction conditions: *T*=230 °C, *p*~total~=5 bar, inert gas N~2~, *p*~CO~=0.5 bar, *m*~catalyst~=401.4 mg, *n*~Pt~=1×10^−4^ mol, *τ*=0.5--0.7 s, variation in \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.25--1 bar.](cctc0007-0766-f4){#fig04}

A reaction order for CO, *n*, is derived from the variation in *p*~CO~, which lies in-between −0.14 and −0.18 for the three investigated catalysts. Thus, the KOH salt coating has little effect on the rate dependence of CO partial pressure. The slightly negative reaction order for CO reflects the strong CO adsorption on the Pt active sites that impedes coordination of H~2~O and thus slows down the reaction.

The reaction order for H~2~O, *m*, is determined from the variation in \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$ (Figure [4](#fig04){ref-type="fig"}); the *m* values indicate a small effect on the reaction rate owing to the salt coating. Although *m* for the uncoated reference catalyst was found to be 0.7, both salt-impregnated catalysts showed a slightly higher dependence of the reaction rate on H~2~O partial pressure (*m*~*w*=7.5 wt % KOH~=0.9 and *m*~*w*=17.2 wt % KOH~=0.8).

In conclusion, we found that reaction orders are not significantly altered by KOH coating and are still in good agreement with kinetic data for the Pt/alumina WGSR catalyst reported in the literature.[@b6], [@b30] Thus, the drastic increase in WGSR activity is due to an increase in *k*~eff~. From literature reports on Pt catalysts, it is known that the surface diffusion of OH^−^ to the active Pt sites to decompose the carbon intermediate limits the catalytic activity of the WGSR.[@b5], [@b24], [@b29], [@b31] On the basis of this information, we assume that the KOH coating affects this diffusion step in a strongly positive manner.

TEM studies
-----------

TEM was used to ascertain the effect of the salt coating on the Pt particle size and agglomeration both before and after the WGSR. For analysis, 100--125 Pt nanoparticles were evaluated, which yielded a normal distribution of particle diameter. Conditions for the WGSR were as follows: *t*=300 h, *T*=200--230 °C, *p*~total~=5 bar, *p*~CO~=0.3--1.5 bar, and \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.25--1 bar. Notably, water vapor present under WGSR conditions also affects the structure of the alumina support material. The uncoated Pt/alumina catalysts before and after the WGSR are shown in Figures [5](#fig05){ref-type="fig"} and [6](#fig06){ref-type="fig"}, respectively, and the KOH-coated Pt/alumina catalysts before and after the WGSR are shown in Figures [7](#fig07){ref-type="fig"} and [8](#fig08){ref-type="fig"}.

![The uncoated Pt/alumina catalyst before the WGSR. a) Bright-field image acquired with a Philips CM300 transmission electron microscope at 300 kV; scale bar=20 nm. For further analysis of Pt particles see the Supporting Information. b) Mean particle diameter obtained from evaluating 100 particles. Data are plotted in black, with Gaussian fit in red.](cctc0007-0766-f5){#fig05}

![The uncoated Pt/alumina catalyst after the WGSR (*T*=200--230 °C, *p*~CO~=0.3--1.5 bar, \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.25--1 bar, *t*~R~=300 h). a) Bright-field image acquired with a Philips CM300 transmission electron microscope at 300 kV; scale bar=50 nm. b) Mean particle diameter obtained from evaluating 100 particles. Data are plotted in black, with Gaussian fit in red.](cctc0007-0766-f6){#fig06}

![The KOH-coated Pt/alumina catalyst (*w*~KOH~=7.5 wt %, drying at *T*=150 °C for 4 h) before the WGSR. a) Bright-field image acquired with a Philips CM300 transmission electron microscope at 300 kV; scale bar=100 nm. b) Mean particle diameter obtained from evaluating 100 particles. Data are plotted in black, with Gaussian fit in red.](cctc0007-0766-f7){#fig07}

![The KOH-coated Pt/alumina catalyst (*w*~KOH~=7.5 wt %, drying at *T*=150 °C) after the WGSR (*T*=200--230 °C, *p*~CO~=0.3--1.5 bar, \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.25--1 bar, *t*~R~=240 h). a) Bright-field image acquired with a Philips CM300 transmission electron microscope at 300 kV; scale bar=60 nm. b) Mean particle diameter obtained from evaluating 125 particles. Data are plotted in black, with Gaussian fit in red.](cctc0007-0766-f8){#fig08}

Before the WGSR, the Pt nanoparticles were homogeneously distributed on the surface with a mean cluster diameter of 2.66 (arithmetic mean) to 2.81 nm (center of Gaussian distribution). These values are in good agreement with the results of TEM and CO chemisorption analyses that we performed for the same catalyst in a former work.[@b10] As expected, only a small change was found after the WGSR. The TEM analysis reveals a small increase in the mean diameter of Pt nanoparticles, from 2.7 to 3.2 nm; however, the particles are still homogeneously distributed over the catalyst surface with a Gaussian distribution of size. This finding is in agreement with the observation that catalyst performance was found to be stable over 300 h time on stream under WGSR conditions (see the Supporting Information).

Of particular interest for this work was investigating the effect of the KOH coating on the distribution and size of Pt nanoparticles on the alumina support before and after the WGSR in comparison to the uncoated catalyst. A catalyst sample coated with 7.5 wt % KOH was imaged before and after a similar WGSR \[*t*~R~ (time-on-stream of WGSR)=240 h\]. An additional drying step at 150 °C for 4 h was added after coating the Pt/alumina catalyst with KOH.

Interestingly, a drastic change in nanoparticle size distribution was found for the KOH-coated catalyst (*w*=7.5 wt %) before the WGSR. The mean Pt cluster diameter increased from 3.2 nm (for the uncoated catalyst) to 4.4 nm (center of Gaussian distribution) or 5.0 nm (arithmetic mean). Moreover, the size distribution was observed to be much broader with Pt particles up to 10 nm in size. Obviously, the mild salt impregnation process (including drying at *T*=150 °C) already leads to a significant particle size redistribution.

We associated these observations with the formation of a basic aluminate layer on the support surface during salt impregnation and drying. Such a transformation of the support surface (alumina) to aluminate has been proved by our previous work on a similar system by using MAS NMR spectroscopy,[@b10] and reports on this phenomenon can also be found in the literature.[@b32] The Pt clusters presumably become more mobile on the basic aluminate support compared with alumina, which leads to some agglomeration of Pt nanoparticles.

Figure [8](#fig08){ref-type="fig"} shows the same catalyst as in Figure [7](#fig07){ref-type="fig"} but after its use in the WGSR.

The high-resolution TEM analysis after the reaction reveals another restructuring process of Pt nanoparticles during the WGSR. The mean Pt particle diameter of the catalyst is now 2.98 and 3.4 nm for the center of Gaussian distribution and arithmetic mean, respectively. The Pt nanoparticles are apparently redispersed on the alumina support during the WGSR. Consequently, the agglomeration process of Pt nanoparticles during the catalyst pretreatment and aluminate formation, seems to be at least partly reversible. In addition, the KOH-coated catalyst showed stability during 240 h time on stream in the WGSR, which indicated that the observed catalyst redistribution occurs quickly within the first few hours of the continuous experiment (see Figure [2](#fig02){ref-type="fig"}). Following these studies using bright-field TEM, we also analyzed the catalyst samples by using scanning TEM (STEM) in combination with energy dispersive X-ray spectroscopy (EDS).

STEM with EDS
-------------

As the catalysts were found to undergo restructuring processes, we applied a second analytical technique to probe the location of potassium. High-angle annular dark-field (HAADF)-STEM measurements were performed in combination with EDS. The uncoated Pt/alumina catalyst was initially studied before its use in the WGSR (Figure [9](#fig09){ref-type="fig"}).

![The uncoated Pt/alumina catalyst before the WGSR. a) HAADF-STEM image; scale bar=80 nm; b) EDS map; scale bar=40 nm. Both images were acquired with an FEI Titan 80--300 kV scanning transmission electron microscope at 200 kV by using an electron beam current of 0.6 nA and a Bruker SuperX X-ray detector.](cctc0007-0766-f9){#fig09}

The STEM image shows that the Pt nanoparticles are homogeneously distributed on the catalyst's alumina surface. In the EDS map, good agreement between the Pt signal (yellow) and the location in the HAADF-STEM image is found. An additional data set of a whole catalyst particle is provided in the Supporting Information. In the next step, we analyzed the same Pt/alumina catalyst after its use in the WGSR (*T*=200--230 °C, *p*~CO~=0.3--1.5 bar, \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.25--1 bar, *t*~R~=300 h; Figure [10](#fig10){ref-type="fig"}).

![The uncoated Pt/alumina catalyst after the WGSR. a) HAADF-STEM image; scale bar=40 nm; b) EDS map; scale bar=20 nm. Both images were acquired with an FEI Titan 80--300 kV scanning transmission electron microscope at 200 kV by using an electron beam current of 0.6 nA and a Bruker SuperX X-ray detector.](cctc0007-0766-f10){#fig10}

The STEM--EDS analysis of the Pt/alumina catalyst after the WGSR reveals a homogeneous distribution of Pt particles. Their particle sizes are similar to the results of the bright-field TEM analysis (*d*~Pt~=3--4 nm). The results are in good agreement with the experimental finding that the catalyst under observation has shown no sign of deactivation during 300 h time on stream in the WGSR (see the Supporting Information).

Of even higher interest is the investigation of the KOH-coated Pt/alumina catalyst (*w*~KOH~=7.5 wt %) before and after its use in the WGSR by applying the same HAADF-STEM--EDS technique. The images of the dried catalyst after impregnation with 7.5 wt % KOH are shown in Figure [11](#fig11){ref-type="fig"}.

![The KOH-coated Pt/alumina catalyst before the WGSR. a) HAADF-STEM image; scale bar=40 nm; b) EDS map; scale bar=40 nm. Both images were acquired with an FEI Titan 80--300 kV scanning transmission electron microscope at 200 kV by using an electron beam current of 0.6 nA and a Bruker SuperX X-ray detector.](cctc0007-0766-f11){#fig11}

From the STEM image and the EDS map, a clustering of Pt nanoparticles with the formation of irregular structures is obvious, a finding that is in excellent agreement with the results of bright-field TEM analyses. The K atoms shown in turquoise appear to be homogeneously distributed over the alumina support before the catalyst use in the WGSR. These images showed that the KOH coating forms an aluminate layer on the alumina support material after the preparation process (drying at *T*=150 °C).[@b10] No evidence for a specific Pt--K interaction is found.

In addition, a detailed, higher-resolution image of the same sample is shown in Figure [12](#fig12){ref-type="fig"}.

![The KOH-coated Pt/alumina catalyst before the WGSR. a) Higher-resolution HAADF-STEM image; scale bar=10 nm; b) higher-resolution EDS map; scale bar=10 nm. Both images were acquired with an FEI Titan 80--300 kV scanning transmission electron microscope at 200 kV by using an electron beam current of 0.6 nA and a Bruker SuperX X-ray detector.](cctc0007-0766-f12){#fig12}

By investigating the detailed image and EDS map of Pt nanoparticles impregnated with KOH, clustering behavior of Pt becomes evident. An individual Pt nanoparticle has a diameter less than 10 nm, but several particles tend to from larger agglomerates. Considering the distribution of KOH, we found a consistent spreading of K^+^ on the alumina surface and in the proximity of Pt nanoparticles. The STEM--EDS images of the KOH-coated catalyst after its exposure to the WGSR are shown in Figures [13](#fig13){ref-type="fig"} and [14](#fig14){ref-type="fig"}.

![The KOH-coated Pt/alumina catalyst after the WGSR. a) HAADF-STEM image; scale bar=30 nm; b) EDS map; scale bar=30 nm. Both images were acquired with an FEI Titan 80--300 kV scanning transmission electron microscope at 200 kV by using an electron beam current of 0.6 nA and a Bruker SuperX X-ray detector.](cctc0007-0766-f13){#fig13}

The analysis of the STEM images and EDS maps confirms the aforementioned Pt restructuring process (see the TEM section). Under WGSR conditions, Pt nanoparticles with a mean size of 5 nm form from the larger Pt agglomerates observed after the catalyst preparation. These observations are again in excellent agreement with the results of bright-field TEM experiments. A detailed, higher-resolution image of the same sample is shown in Figure [14](#fig14){ref-type="fig"}. The maximum particle size (diameter) is 5 nm, but most of the particles have a smaller diameter (*d*~Pt~=3 nm). A dense distribution of K^+^ on the alumina surface can be deduced from the EDS map.

![The KOH-coated Pt/alumina catalyst after the WGSR. a) Higher-resolution HAADF-STEM image; scale bar=10 nm; b) higher-resolution EDS map; scale bar=10 nm. Both images were acquired with an FEI Titan 80--300 kV scanning transmission electron microscope at 200 kV by using an electron beam current of 0.6 nA and a Bruker SuperX X-ray detector.](cctc0007-0766-f14){#fig14}

The EDS map indicates that K^+^ is homogeneously distributed both before and after the WGSR; it does not cluster as the Pt agglomerates, but remains uniform within the matrix. We suggest that in a K-containing matrix, it is highly likely that the Pt nanoparticles will come into contact with K atoms. Thus, HAADF-STEM investigations confirm that KOH doping of Pt nanoparticles results from salt impregnation without any calcination step during the catalyst preparation. We believe that the KOH loading of 7.5 wt % is sufficient to cause doping. The catalyst with a KOH loading of 7.5 wt % was found to have the highest catalytic activity. Higher KOH loadings would not improve the doping effect, but would lead to a higher degree of pore filling with negative effects on mass transfer.

Conclusions
===========

We have demonstrated a convenient and effective method to significantly improve the performance of Pt/alumina catalysts for the water--gas shift reaction (WGSR) by coating the Pt/alumina catalyst with KOH at a loading of 7.5 wt %. At the same time, it has been confirmed that our earlier results describing activation of methanol steam reforming by potassium salt coatings[@b10] can be, at least in great part, understood by assuming a positive effect of the salt coating on the WGSR step of the methanol steam reforming reaction sequence. Our new approach is robust, highly reproducible, and very economical. There is no need to perform lengthy catalyst pretreatments such as calcination or preformation after the salt impregnation procedure.

By coating a commercial Pt/alumina catalyst with various loadings of alkali hydroxides, its activity for the WGSR increased six times, and KOH was found to be the most effective promoter. In the methanol steam reforming reaction,[@b10] the combination of alkali doping, basicity, and hygroscopicity is responsible for this remarkable effect. Because surface hydroxides play an important role in the catalytic cycle of the WGSR, the basic and hygroscopic nature of the hydroxide salts contributes to the improvement in catalyst performance. Contrary to our earlier experiments regarding the methanol steam reforming reaction, it seems that the WGSR is less sensitive to an activity decline with high salt loadings. At least for LiOH, NaOH, and CsOH coatings, the 20 wt % salt loading was more active than the mass loading found to be optimum for KOH. In our kinetic studies, we showed that the reaction orders with respect to CO and H~2~O partial pressures indicate only minor modification through KOH coating.

In a series of high-resolution TEM analyses, we demonstrated that the unmodified Pt/alumina catalyst is robust against the applied conditions of the WGSR. During the KOH coating process, the Pt/alumina catalyst undergoes an agglomeration process. Interestingly, this agglomeration is partly reversible under WGSR conditions, which leads to a highly active and stable system over 240 h time on stream. The active Pt nanoparticles tend to agglomerate during impregnation with KOH, but restructure under WGSR conditions. By using energy dispersive X-ray spectroscopy, the distribution of elements on the catalyst surface could be visualized, which confirmed all findings of bright-field TEM experiments. In addition, it was shown that for KOH loadings as low as 7.5 wt %, K^+^ is homogeneously distributed on the alumina surface and is in close contact with the active Pt sites, which provides further evidence for a doping effect without a previous calcination step. To our knowledge, this is one of the first examples in which alkali doping of heterogeneous catalysts has been made visible by means of scanning TEM and energy dispersive X-ray spectroscopy techniques.

We suggest that the concept of modifying heterogeneous catalysts through molten salt coatings can be easily applied to other technically relevant reactions in the future. Moreover, this approach paves a way to a more rational and cost-effective catalyst optimization in heterogeneous catalysis.

Experimental Section
====================

Materials
---------

The Pt/alumina catalyst was purchased from Alfa Aesar (LOT: F02R004; precise Pt content=4.86 wt %). LiOH (Merck, \>98 %), NaOH (Merck, \>99 %), KOH (Merck, \>85 %, rest H~2~O, K~2~CO~3~ \<1 %), and CsOH (Fluka, 95 %, rest H~2~O) were used as stock solutions, and the amount of the hydroxide was determined by titration with HCl (1 [M]{.smallcaps}; Merck).

Synthesis of salt-modified catalysts
------------------------------------

The calculated amount of Pt on the alumina support was immersed into a solution of the salt in high purity H~2~O (typically *V*=20 mL). After mixing for 30 min at *T*=25 °C, the solvent was removed under vacuum (*T*=60 °C, *p*=50 mbar). The alkali hydroxide-coated catalyst samples were dried by heating up to 150 °C under vacuum (*p*\<0.1 mbar) for at least 4 h before WGSR experiments.

Catalytic experiments
---------------------

The performance of the catalyst for the water--gasWGSR was evaluated in a continuously operated gas phase fixed-bed reactor (for details, see the Supporting Information). An equimolar mixture of CO and H~2~O was evaporated and fed to the reactor. Typically, this mixture consisted of *p*~CO~=\${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.5 bar and 4 bar of the inert gas N~2~ (e.g., *V*=107.1 mL~N~ min^−1^, *V*~CO~=13.3 mL~N~ min^−1^, and \${V\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=13.3 mL~N~ min^−1^). At the reactor outlet, unconverted H~2~O was condensed and the product gas was analyzed by using GC (Varian CP 4900). Catalytic activities were given as TOFs, which was the total molar flow of CO~2~ divided by the total molar amount of Pt in the reactor (typically *n*~Pt~=1×10^−4^ mol). The mass balance was closed by the quantification of the inert gas N~2~, H~2~, and remaining CO. During all experiments, no CH~4~ was detected.

Kinetic experiments: Variation in partial pressure
--------------------------------------------------

Kinetic WGSR experiments were started under standard conditions (*T*=230 °C, *p*~CO~=\${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$=0.5 bar, *p*=4 bar). Subsequently, temperature was varied from 200 to 230 °C (in steps of 10 °C). Afterward, *p*~CO~ was varied from 0.3 to 1.5 bar at a constant \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$ of 0.5 bar. *τ* was kept constant through variation of the flow in N~2~. The variation in *p*~CO~ was finished by returning to standard conditions. For one step of variation in *p*~CO~, at least 12 h were spent. \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$ was varied from 0.25 to 1.0 bar, whereas *p*~CO~ was kept constant at 0.5 bar. Finally, standard conditions were reestablished to ensure a stable performance or no deactivation. For one step of variation in \${p\_{{\\rm{H}}\_2 {\\rm{O}}} }\$, at least 8 h were spent. The results were evaluated by using the power law model as described in the Results and Discussion section.

TEM experiments
---------------

Catalyst samples were analyzed with a Philips CM300 transmission electron microscope operating at 300 kV voltage in the bright-field mode and equipped with an LaB~6~ gun. Catalyst samples were dispersed in cyclohexane and impregnated onto Cu lacey carbon TEM grids (Plato). Images were taken with a charge-coupled device camera (2048×2048 pixels, Tietz TVIPS, particle size analysis in ImageJ, at least 100 particles counted for Pt particle size distribution). Data were fit with a standard Gaussian function in Origin 9.1 G.

HAADF-STEM--EDS experiments
---------------------------

The HAADF-STEM analysis was performed with an FEI Titan 80--300 kV scanning transmission electron microscope equipped with a SuperTwin objective lens with Cs=1.2 mm at the National Center for Electron Microscopy, Molecular Foundry, Lawrence Berkeley National Lab. The EDS spectra were acquired with four windowless silicon drift detectors with a total solid angle of 0.7 sr. The catalyst samples were impregnated onto Cu lacey carbon TEM grids (Ted Pella) and analyzed at 200 kV (Schottky field emission gun). Imaging conditions resulted in a convergence semiangle of 10 mrad and an HAADF detector inner semiangle of 50 mrad. The electron beam current was in the range of 300--600 nA, with a maximum acquisition time of 600 s. The image size was 1024×1024. For EDX mapping, an area of 512×512 pixels was selected. All data were processed with Gatan's Digital Micrograph/Image J software (for images) or Bruker's ESPRIT software (for EDS data evaluation).
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